Towards elucidating the role of polysialic acid (PSA) in developing olfactory neuron of the rat, we injected neuraminidase (endo-N) into the olfactory nerve pathway under whole embryo culture, then employed immunohistochemistry to (i) detect expression of highly sialylated neural cell adhesion molecules (NCAM-H) and (ii) identify olfactory neurons via anti-microtubule-associated protein 1B (MAP1B) antibody. Olfactory axonal outgrowth from basal lamina occurred at the 31-somite stage and reached the olfactory bulb primordium at the 42-somite stage, being coincident with the timing and expression of NCAM-H immunoreactivity. Enzymatic removal of PSA by endo-N remarkably affected developmental processes of axonal outgrowth, extension, and path®nding, i.e. individual axons appeared to have become stuck in the mesenchyme. Results indicate that PSA is critically involved with anti-adhesion cues associated with individual axonal growth during olfactory system development. q
Introduction
The neural cell adhesion molecule (NCAM) is a widely distributed cell surface glycoprotein belonging to the immunoglobulin superfamily, being a homophilic and heterophilic receptor in the formation of cell±cell bonds (for review see Rutishauser, 1993) . Regarding the nervous system, the expression of NCAM has been associated with various developmental events: formation of cell layers in the retina (Buskirk et al., 1980) and cerebellum (Lindner et al., 1986) , innervation of motor axons (Rutishauser, 1983; Tosney et al., 1986; Landmesser et al., 1988; Landmesser et al., 1990; Doherty et al., 1990a,b) , and tectal innervation (Silver and Rutishauser, 1984; Fraser et al., 1984; Fraser et al., 1988) .
NCAM consists of three polypeptides, each with a molecular weight from 120 to 180 kDa. In embryonic neurons, these molecules are highly polysialylated by as much as 30% of their respective molecular weight, and in this state they are referred to as NCAM-H. The corresponding level of polysialylation in adult neurons, however, is less than 10% (Hoffman and Edelman, 1983; Edelman, 1986) , which clearly indicates developmental involvement. Of particular interest, NCAM-H induces a strong anti-adhesive property in neurons (for review see Rutishauser, 1993 and Arai, 1993) , e.g., it has been shown to promote neuronal migration and rearrangement (Doherty et al., 1991; Fredette et al., 1993; Hu et al., 1996) and enhances the morphological plasticity of axonal processes during path®nding and activity-dependent remodeling (Tang et al., 1992) . The involvement of NCAM-H in such developmental events has in fact been con®rmed in the chick embryo, where enzymatic removal of polysialic acid (PSA) by neuraminidase (endo-N) led to inhibition of axonal fasciculation (Landmesser et al., 1990; Tang et al., 1994) . However, the role of PSA in axonal processes of mammalian neurons, i.e., outgrowth, extension, guidance, and fasciculation, has yet to be studied.
With regard to the olfactory system, it is known that olfactory receptor neurons are derived from the thickened ectodermal epithelium and extend their axons under speci®c guidance (path®nding) to the primordium of the olfactory bulb (Cuschieri and Banister, 1975a,b; Graziadei and Monti Graziadei, 1978) . It has also been demonstrated that NCAM and NCAM-H are both expressed in the developing mouse olfactory system (Miragall et al., 1989) . In related research, we used DiI labeling to identify extending olfactory axons in mouse embryos and observed their localization within a region showing positive immunoreactivity to anti-NCAM antibody; labeling which also detected NCAM-H so as to unfortunately prevent distinguishing their respective characteristics (Aoki et al., 1995) . We employed the whole embryo culture system, originally developed by New (1990) and recently modi®ed by us , as it allows free access to mammalian embryos providing valuable information for better elucidating the development of the human nervous system.
In this study, we focus our attention on investigating the role of PSA in olfactory neuron outgrowth, extension, and speci®c guidance processes. Endo-N, a compound which speci®cally cleaves a 2-8-linked PSA, is ®rst micropipetteinjected into the olfactory nerve pathway of the rat, where again we take advantage of the merits of the whole embryo culture system. After short-term incubation, we then employ immunohistochemistry to (i) detect expression of NCAM-H using antibody against PSA (Seki and Arai, 1993) and (ii) identify olfactory neurons using antibody against microtubule-associated protein 1B (MAP1B) as previously described (Aoki et al., 1995) : a novel combined approach enabling us to determine the effect of enzymatic removal of PSA on these critical axonal processes.
Results

Expression of NCAM-H in axonal processes of olfactory receptor neurons
To compare the detected distributions of NCAM-H and MAP1B molecules in the same region of an embryo, a section was stained with anti-NCAM-H antibody and the subsequent serial section was stained with anti-MAP1B antibody. We examined the nasal region of embryos aged from 28-to 42-somite stages (embryonic day 11±12). At the 30-somite stage, invagination of the lateral side of the olfactory epithelium was apparent (Fig. 1a,b) , and by the 42-somite stage, invagination had deepened and formed the nasal pit (Fig. 1c,d ).
MAP1B was detected at an earlier stage than NCAM-H, i.e., at the 28-versus 30-somite stage. Although their timing for initial expression was different, both molecules were expressed in the same portion of the posterosuperior nasal epithelium, with no immunoreaction appearing in the mesenchyme (Fig. 1a,b) . At the 31-somite stage, however, both antibodies showed immunopositive reactions in the mesenchyme; and by the 42-somite stage, remarkable changes were apparent. That is, olfactory neurons identi®ed by MAP1B and NCAM-H positive regions appeared as a bushy fascicle with many branches extending from the nasal epithelium to the olfactory bulb primordium in the medial part of the forebrain (Fig. 1c,d ).
Effect of endo-N on olfactory nerve development
Expression of MAP1B and NCAM-H from the 31-to 42-somite stages con®rmed the outgrowth, extension, and path®nding of olfactory neurons toward the olfactory bulb primordium during this period. As NCAM-H was expressed in the immediate region around developing olfactory receptor neurons, and in their target regions in the forebrain (data not shown), we injected endo-N into the mesenchyme of the right medial nasal prominence of embryos between the 31-and 41-somite stages. Immunoreactivity against NCAM-H was subsequently observed after incubation for 4 h at 378C. Reduced immunoreactivity, indicating enzymatic removal of PSA, was apparent in the cranial mesenchyme and tissue surrounding the forebrain of the injected side (Fig. 2a) ; whereas in contrast, the uninjected intra-embryonic control side was not affected as shown by a distinct immunopositive reaction (Fig. 2b) .
The timing of the injection was critical, as a number of diverse changes occurred depending on the stage of treatment. Injecting endo-N at the 31-to 33-somite stages (n 7) at the beginning of outgrowth of the olfactory nerve completely arrested its outgrowth (Fig. 3a,b) . Injections at the 34-to 39-somite stages (n 19) following nerve outgrowth strongly inhibited nerve elongation and led to a shorter, less-MAP1B-positive olfactory axon which appeared as a thin, single strand showing no bundling with other axons as should be expected (Fig. 4a,b ). Such morphological effects are supported by the fact that the diameter and length of the positive region were only about 30 and 50% the size of the intra-embryonic control side. Quantitative effects of the parameter of length are provided in Table 1 , and indicate that, in comparison with controls, the endo-N-treated ®bers were about 10 times smaller at the 31-to 33-somite stages and 2 times smaller at the 34-to 39-somite stages. In addition, unlike intra-embryonic controls, the olfactory nerve did not fully elongate to reach the olfactory bulb primordium by the 41-somite stage. No effects were observed for injections given at the 40-somite stage (n 3) when fascicules of the olfactory nerve have normally reached the olfactory bulb primordium (data not shown).
Discussion
When considering that (i) PSA is abundantly present in the distal part of neurons cultured from embryonic day 18 rat brain (Pol and Kim, 1993, (ii) PSA is present in the olfactory nerve of the mouse (Miragall et al., 1988) , and (iii) olfactory neurons are continuously renewed throughout life and extend a long distance from the olfactory epithelium to the olfactory bulb in order to provide functional synapses (Graziadei and Monti Graziadei, 1978) , then abundant developmental expression of NCAM-H, Fig. 2 . Effect of endo-N on NCAM-H expression during axonal processes of olfactory receptor neurons. Endo N (0.05±0.16 ml) was injected into the right medial nasal prominence at the 32-somite stage. Immunoreactivity against NCAM-H was subsequently observed after incubation for 4 h at 378C (34-somite stage). Reduced immunoreactivity, which indicates enzymatic removal of PSA, is apparent in the cranial mesenchyme and tissue surrounding the forebrain (FB) of the injected side (a); whereas in contrast, the uninjected intra-embryonic control side is not affected as shown by a distinct immunopositive reaction (indicated by arrow; b). OE, olfactory epithelium. Fig. 3 . Effect of endo-N on olfactory nerve development. Endo-N was injected into the right medial nasal prominence at the 31-to 33-somite stages (n 7) prior to outgrowth of the olfactory nerve and cultured for 4 h. At the injected side, the MAP1B-identi®ed olfactory nerve shows completely arrested nerve outgrowth (a), whereas the inter-embryonic control side shows normal axon outgrowth (indicated in (b) by arrow, see Table 1 ). OE, olfactory epithelium; FB, forebrain. Fig. 4 . Effect of endo-N on olfactory nerve development. Endo-N was injected into the right medial nasal prominence at the 34-to 39-somite stages (n 19). Comparison of the injected side (a) and inter-embryonic control (b) shown here at the same level reveals that injections given after nerve outgrowth inhibit extension of the olfactory nerve, while also inducing unusual morphologidcal changes resulting in a shorter, less-MAP1B-identi®ed axon which appears as a thin, single strand showing no bundling with other axons as should be expected. Such effects are supported by the fact that the diameter and length of the positive region were about 30 and 50% that of the intra-embryonic control, respectively. In addition, unlike the controls, the olfactory nerve did not reach the olfactory bulb primordium in forebrain (FB) by the 41-somite stage. OE, olfactory epithelium.
indicating the presence of PSA, suggests PSA might be closely associated with the well known anti-adhesive function exhibited in in vitro and in ovo experiments. Here, the effects of PSA removal on olfactory nerve growth provide the ®rst direct evidence that this compound is critically involved in axonal outgrowth from basal lamina, elongation of the olfactory nerve within the cranial mesenchyme, and speci®c guidance of axons as they extend toward their target regions, i.e., axonal path®nding. The unusual morphological changes brought about by enzymatic removal of PSA during development of the rat olfactory nerve in whole embryo culture are assuredly quite remarkable. It appears as if individual ®bers become stuck in the mesenchyme due to loss of path®nding guidance cues (Figs. 3 and 4) , with such unresponsive behavior suggesting PSA is responsible for, or at least critically involved with, providing the anti-adhesion function necessary for developmental axonal processes; particularly outgrowth, extension, and path®nding.
Since outgrowth of olfactory axons from the basal lamina occurs after NCAM is expressed along their intended pathway (Miragall et al., 1988; Aoki et al., 1995) , and since the expression of NCAM-H coincides with the timing of the outgrowth process of olfactory neurons (Miragall et al., 1988; present study) , this suggests that a relationship exists between the timing of outgrowth and the degree of polysialation of NCAM, i.e., the abundance of NCAM-H. In other words, this process could be developmentally regulated similar to innervation of the spinal cord by corticospinal axons (Daston et al., 1996) . The number of olfactory neurons in early development is limited and their axon fascicles are thin, although they increase in number and the fasicles thicken as development proceeds (Cuschieri and Bannister, 1975a,b; Pellier and Astic, 1994; our unpublished data) . In addition, at any given time during embryonic life, cells in various stages of development are seen in the same olfactory organ (Graziadei and Monti Graziadei, 1978 ; our unpublished data), which suggests that the outgrowth of olfactory sensory neurons is not a synchronous process, i.e., not all receptor cells develop simultaneously. Thus with these considerations in mind, the fact that injection timing was critical should not come as a complete surprise.
Enzymatic removal of PSA at the 31-to 33-somite stages led to a complete arrest of the underlying mechanism of olfactory nerve growth since only a few axons showed the ®rst stage of outgrowth from basal lamina; while PSA removal at the 34-to 39-somite stages led to the interruption of new differentiation and subsequent outgrowth, and also elongation such that markedly few and thinner olfactory nerves never reached the olfactory bulb primordia.
We hypothesize that PSA reduces the adhesiveness of the NCAM molecule on axonal surfaces so as to allow easier mobility (Fig. 5) . This function is supported by the fact that sialylation of NCAM induces a strong anti-adhesive property on neurons (for review see Rutishauser, 1993) ; and by a similar observation, in developing motor axons during extension into the plexus region (Tang et al., 1992; Tang et al., 1994) and during speci®c intramuscular nerve branching (Landmesser et al., 1990) . Moreover, in all these studies, removal of PSA by a speci®c endo-N compound tightened the bundling of axonal fascicles and so impaired their normal response to guidance cues. Regarding cell migration, a more complete case exists for a causal link between PSA and migration, as indicated in vivo from analysis and comparison of the distribution of subependymal cells in N-CAM mutant and endo-N-injected mice. As previously reported by Tomasiewicz et al. (1993) and Ono et al. (1994) , NCAM 180 is completely absent in that mutant, although NCAM 140 and 120 are expressed. NCAM is the primary carrier of PSA in the developing embryo, and homologous recombination has been used to generate mice de®cient in NCAM and thus in PSA expression as well. The most conspicuous abnormality in these mutants is an impaired ability of precursor olfactory bulb cells born at the lateral ventricle to migrate through the subependymal zone to the olfactory bulb (Tomasiewicz et al., 1993) . To con®rm the direct role of PSA in the mutant phenotype, it was demonstrated that this migration defect can be duplicated in wild-type mice by injection of endo-N (Ono et al., 1994) . In addition to the ectopic location of the precursors in the mutant or endo-N-treated animals, fewer cells with growth cone-like processes are found oriented along the migration route. Most of their results focused on the distribution during the postnatal period but not during the embryonic stage, and the examined area was limited to the olfactory bulb which suggests that mutation might have caused an abnormality in the migration of granule cells. More over, unlike us, they did not observe the number of olfactory receptor neurons, projection patterning, or innervation timing. During olfactory neuron development NCAM 140 and 120 are also expressed (Miragall et al., 1989 , so questions do remain regarding the roll of NCAM 140 and 120).
In an experiment by Yin et al. (1995) in which a similar treatment was used to remove PSA, similar effects were observed regarding suppression of nerve elongation. In contrast to our results, however, they observed defasciculation in the tract/tectal region. Also, in an earlier study by Acheson et al. (1991) , a related phenomenon was observed in in vitro cultures using a neuroblastoma sensory neuron cell hybrid, where cell binding ability was either enhanced or unaffected by PSA removal. That is, its removal from F11 cells enhanced their ability to bind to a polyornithine/laminin substrate, whereas its removal from dissociated SpC cells did not affect the outgrowth of individual neurons. This model experiment suggests that the difference in binding ability is due to an imbalance of axon±axon and axon± substrate interactions. And if so, then it is reasonable to surmise that the presence of endo-N in olfactory axons leads to stronger axon±substrate adhesive interactions normally masked by PSA, which in turn could explain why the axons appear to have a stacked con®guration in the mesenchyme. As to why this did not occur in optic axons in the tract/tectal region, some unde®ned molecules may be expressed which act as a direct receptor of PSA. That is, they usually bind with PSA such that NCAM cannot bind homophilicly under normal conditions; whereas under the conditions of Xinghua's experiment, although NCAM may now bind homophilicly, other unde®ned molecules affect binding such that an increase occurs in axon±substrate interactions. Determining the precise mechanism involved in disfasciculation and guidance along such abnormal pathways during nerve development is expected to clarify these interesting possibilities. In mammals, the olfactory epithelium is divided into at least four distinct spatial zones in which different sets of olfactory receptor genes are expressed (Ressler et al., 1993; Vassar et al., 1993; Strotmann et al., 1994) . Such zonal organization is maintained in the olfactory bulb because the axons extending from cells in a particular zone subsequently converge upon a limited number of glomeruli (Ressler et al., 1994; Vassar et al., 1994) . The underlying mechanism enabling the formation of such speci®c connections would therefore dictate the existence Fig. 5 . Schematic illustrations showing the hypothesized role of PSA on olfactory axonal surfaces. Outgrowth of olfactory axons from the basal lamina occurs after NCAM is expressed along their intended pathway, with the timing of outgrowth depending on the degree of polysialation of NCAM. In early development, the number of olfactory neurons is limited and their axon fascicles are thin. However, as development proceeds their number increases and the fasicles become thick. PSA is critically involved in axonal outgrowth from basal lamina, in extension of the olfactory axon within the cranial mesenchyme, and in axonal path®nding. The injection timing was critical in that enzymatic removal of PSA at the 31-to 33-somite stages led to complete arrest of the underlying mechanism of olfactory nerve growth; whereas at the 34-to 39-somite stages it led to highly unusual morphological changes affecting axonal appearance and extension such that the markedly less and thinner olfactory nerve never reached the olfactory bulb primordia. These results suggest PSA is responsible for, or at least critically involved with, providing the anti-adhesion function necessary for developmental axonal processes; particularly outgrowth, extension, and path®nding.
of an appropriate adhesion molecule(s) along the olfactory pathway, yet no such molecule has been identi®ed thus far. Consequently, determining whether PSA also interacts with this unidenti®ed molecule so as to regulate olfactory nerve growth and path®nding is of particular interest.
Experimental procedures
Whole embryo culture
Sprague±Dawly (SD) rat embryos (n 48) were surgically explanted from anesthetized mothers on D12 (plug day D0), after which the embryo developmental stage was identi®ed by counting the number of somites (Aoki et al., 1995; Lee et al., 1995; Osumi-Yamashita et al., 1994) . In order to examine embryos from the 28-to 42-somite stages, i.e., the period covering olfactory neuron outgrowth, elongation, and path®nding, we used the whole embryo culture system . Brie¯y, embryos were placed in 15 ml culture bottles containing 3 ml of rat serum supplemented with 2 mg/ml glucose and rotated (20 rev/min) during incubation at 378C while a mixture of 95% O 2 and 5% CO 2 was continuously supplied.
Injection of endo-N
Endo-N, the generous gift of Professor Frederic A. Troy (Batch 9205), was prepared by the donor as previously described (Hallenbeck et al., 1987) . Upon receipt, we checked and treated this enzyme as suggested in previous studies (Hallenbeck et al., 1987; Landmesser et al., 1990) . The gifted enzyme appears as a single band at 105 kDa under SDS gel electrophoresis and contains no protease contamination as judged by prolonged incubation with protease-sensitive polypeptides such as NCAM. The batch was dissolved in 200 ml of a 50% PBS±glycerol mixture, diluted 100 £ in 50% PBS±glycerol and stored at 2808C as a stock solution until just prior to use where it was. Without detectable loss of activity, it has such high potency that small volumes of this stock can be directly introduced into in vivo and in vitro experiments without non-speci®c effects due to the solvent volume or composition. Endo-N is optimally active at neutral pH and has a strict speci®city for PSA polymers with a minimum of ®ve a-2,8-linked sialyl residues. With NCAM as substrate, the enzyme releases oligomers of 3 or 4 residues (Hallenbeck et al., 1987) .
The injection amount was empirically determined by measuring the size of the NCAM-H negative area via immunohistochemistry, while the exposure period was determined based on the length of time before NCAM-H was re-expressed.
After pre-incubation for 1 h at 378C, embryos were placed under a dissecting microscope and 0.05±0.16 ml of endo-N was injected into the right medial nasal prominence with a micropipette (i.d. 36 mm). Embryos were then immediately transferred to culture and incubated for 0, 2, 4, or 10 h. Examination of general morphology at ®nal somite stages con®rmed normal embryo development in comparison with those in utero, i.e., they showed an appropriate increase in somite number and expansion of blood vessels. Routine monitoring of heart beat and blood circulation was also judged to be normal. Three controls were employed: (1) intra-embryonic controls, in which the uninjected side contralateral to the injection side was observed; (2) injection controls, in which injections were simulated by inserting an empty micropipette (n 3); (3) vehicle controls, in which equivalent injections of a 50% PBS-glycerol mixture (n 5) and heat-inactivated endo-N (n 5) were given. No controls showed tissue damage providing the underlying blood vessels remained intact (data not shown). Embryos examined after the above incubation periods showed that at after 10 h positive immunoreactivity reappeared throughout the cranial mesenchyme and at the surface of the forebrain (data not shown), thereby indicating that the effect of endo-N is only temporary. For these reasons, we examined injected embryos after a 4 h culture.
Identi®cation of olfactory neurons
Antibodies
We used two types of primary antibodies: anti-NCAM-H monoclonal antibody in ascites¯uid (gift of Dr Tatsunori Seki, Juntendo University) and anti-MAP1B antibody 1B6 (gift of Professor Nobutaka Hirokawa, University of Tokyo). Speci®city of the antibodies was previously examined (Seki and Arai, 1991; Sato-Yoshitake et al., 1989) and also con®rmed by Western blotting analysis (data not shown). The secondary antibodies were biotin-conjugated horse anti-mouse IgG(H 1 L) (Vector Laboratories) for anti-MAP1B and biotin-conjugated rabbit anti-mouse IgM(H 1 L) (Vector Laboratories) for anti-NCAM-H. A non-speci®c reaction was not detected against the secondary antibody alone.
Immunohistochemistry
4.3.2.1. Preparation of tissues Immediately following dissection, whole rat embryos were ®xed in 4% paraformaldehyde in PBS for 2 to 16 h at 48C. Embryos were subsequentry washed in 0.5 M sucrose in PBS and immediately frozen in OCT compound (Tissue-Tek Products). Blocks were cryosectioned at 220 to 2258C on a Leitz cryostat, after which sections of 10±15 mm thickness were placed on glass slides coated with poly-l-lysine (Sigma) and processed for immunostaining using a biotin±streptavidin complex system (Vector Laboratories). To trace olfactory axons and compare the localization of NCAM-H expression among adjacent sections, serial sections were cut parallel to the olfactory nerve (Aoki et al., 1995) . 4.3.2.2. Staining methods Sections were stained as described previously (Aoki et al., 1995) . Brie¯y, sections were moistened with PBS in a humidi®ed air chamber and reacted against the primary antibody overnight (diluted 1:5000 for anti-NCAM). Sections were then incubated for 30 min with the secondary antibody diluted to 1:200 in PBS containing 2% normal horse serum (NSS), being followed by incubation for 1 h in biotin±avidin complex conjugated with peroxidase diluted to 1:100 in NSS. Between each step, sections were rinsed three times with PBS for 5 min. All incubations were carried out at room temperature. Bound antibody was visualized with 0.2 mg/ml diaminobenzidine and 0.03% H 2 O 2 in 0.05 M Tris buffer (pH 7.4). Following ®nal rinse, sections were counterstained with methylgreen and observed under a light microscope (New Vanox AH2, Olympus).
Identi®cation of the olfactory nerve
The development of the MAP1B-identi®ed olfactory nerve injected with endo-N was compared to that of the corresponding uninjected intra-embryonic control side. Positive reactions were judged as those in which intensity differences were clearly detectable on two or more sections.
Quantitative analysis of olfactory nerve elongation
In order to provide a more quantitative measure of the effects of endo-N, we examined photographs of intensely stained MAP1B-positive axons at 400£ magni®cation, i.e., at random positions located across the medial part of the forebrain indicated by the doubleheaded arrows in Figs. 3 and 4. Photographs were scored based on the length of axon bundles extending from the nasal epithelium.
